We remotely irradiated a nitrogen plasma onto the carbon-side surface of 4H-SiC at a low temperature, and examined the effect of sample cooling on the characteristics of the nitride layer. An improved nitride layer, which had higher concentrations of carbon and silicon and a lower concentration of oxygen, was formed in the region at depths of more than 0.6-0.9 nm from the top surface. The depth of the fragile nitride layer in the top region, where no improved characteristics of the nitride layer were observed, became smaller with sample cooling. In addition, on the basis of the experimental results, we discussed the difference in the activation energy of the nitriding reaction of 4H-SiC supported by atomic nitrogen and molecular nitrogen in the metastable A 3 Σ + u state.
Introduction
The performance of Si-based power transistors has been reaching its theoretical limit in recent years. [1] [2] [3] [4] For this reason, expectation is focused on SiC as a next-generation semiconductor, which has a high insulation voltage and robustness against high temperatures. [5] [6] [7] [8] [9] In addition,
SiC-based metal-oxide-semiconductor field-effect transistors (MOSFETs) have potential advantages in terms of their low on-resistance and high switching speed. [10] [11] [12] [13] [14] [15] [16] However, the on-resistance of SiC-based MOSFETs under development is much higher than the theoretical expectation, which results in a large voltage drop, significant heat generation, and a low efficiency of electric power systems.
The high on-resistance of SiC-based MOSFETs is caused by the low mobility of carriers in the channel region under the gate insulation film. This low mobility is considered to be due to defects around the interface between the channel region and the gate insulation film. [17] [18] [19] [20] [21] [22] [23] Therefore, a method is required to passivate the surface of SiC before depositing the gate insulation film. A solution to this issue, which has been proposed on the basis of a firstprinciples calculation, is the nitriding of the SiC surface. 24) This patented proposed solution involves the formation of a monolayer of nitrogen atoms, which terminate surface dangling bonds, but a similar passivation function may be realized by a nitride layer of SiC with a limited thickness.
In a previous work, we examined the atomic concentrations of SiC surfaces remotely irradiated with nitrogen plasmas. 25) We observed the formation of a nitride layer with a thickness of 1-3 nm. In addition, the thickness of the nitride layer was greater when molecular nitrogen in the metastable A 3 Σ + u state was supplied from the plasma. However, the SiC surface remotely irradiated with nitrogen plasma had a lower weight density than virgin SiC. In particular, a decrease in the concentration of carbon was observed on the top surface of the sample. These experimental results suggest the removal of carbon from the SiC surface due to the desorption of volatile nitride molecules, such as C 2 N 2 , when the SiC surface is irradiated with reactive nitrogen species.
In this work, we controlled the temperature of SiC to be low during the irradiation of the remote nitrogen plasma. The aim of sample cooling was to prevent the desorption of volatile molecules. Since the vapor pressure of C 2 N 2 is negligible at a temperature below -100
• C, it is expected that the desorption rate of volatile molecules is reduced by the low temperature.
The idea of sample cooling was adopted successfully to reduce the etching rates of side walls in plasma-based dry etching. 26) This work shows that sample cooling also improves the characteristics of the surface passivated with plasmas.
Experimental procedure
The experimental apparatus is schematically shown in Fig. 1 . The apparatus used in the present experiment was basically the same as that used in our previous work 25) except for the following two points. One was the use of p-BN as the discharge tube, instead of quartz in the previous work. The inner diameter of the p-BN tube was 8 mm, which was the same as that of the quartz tube. The other was the temperature of the sample, which is denoted by T s in the following description. In this work, we installed a container that was filled with liquid nitrogen inside the chamber. The sample holder was connected to the container of liquid nitrogen using a copper ribbon. When nitrogen gas was not introduced into the chamber, the sample temperature decreased to T s ≤ −150
• C. The temperature increased when the gas was introduced and the plasma was produced. We controlled the sample temperature within The other experimental apparatus and procedures were the same as those in our previous work. 25) A microwave power of 2.45 GHz was applied to a microwave resonator attached on the outside of the p-BN tube. The microwave power was 100 W. The distances (Z) between the microwave resonator and the sample were 7 and 12 cm. The chamber was evacuated using a turbomolecular pump to below 5 × 10 −8 Torr before feeding nitrogen gas. Pure nitrogen gas was fed from the top of the p-BN tube at a flow rate of 288 ccm, and the nitrogen pressure in the chamber was adjusted to 0.5 Torr by reducing the pumping speed using a gate valve.
A load lock chamber was attached to the side of the main chamber. A 4H-SiC sample with a size of 14 × 14 mm 2 was installed in the load lock chamber and was transferred to the sample holder in the main chamber. The sample was pretreated with 5% hydrogen fluoride solution for 10 min. We examined the nitriding characteristics of the carbon-side surface (C-face) of 4H-SiC. 27, 28) The sample remotely irradiated with the nitrogen plasma was transferred back to the load lock chamber. The sample was kept in nitrogen atmosphere in the load lock chamber until it returned to room temperature. After that, the sample was exposed to the atmosphere and was transferred to analytical equipment. The analyses we used in this work were X-ray photoelectron spectroscopy (XPS) and high-resolution Rutherford backscattering (HRRBS). 
Results

Discussion
The characteristics of the surface nitriding of SiC obtained by the present experiment were basically consistent with those reported in our previous paper. 25) We have reported that the sample is irradiated with atomic nitrogen when Z = 12 cm, whereas the mixture of atomic nitrogen and molecular nitrogen at the metastable A 3 Σ + u state irradiates the sample when Z = 7 cm. 30) On the other hand, the flux of N + u state has higher efficiency than atomic nitrogen for the surface nitriding of SiC, which is a major conclusion of the previous paper.
In this paper, we discuss the effect of the sample cooling on the nitriding characteristics of It is noted that the nitrogen concentration increases with the depth from the top surface in all the samples, as shown in Figs. 2 and 3 . Since nitrogen atoms are transported from the plasma into the sample, it is speculated that the nitrogen concentration peak is located at the top surface during the irradiation of the plasma, and the depth profiles of the nitrogen concentration shown in Figs. 2 and 3 are formed when the samples are exposed to the atmosphere.
Nitrogen atoms around the top surface are considered to be replaced by oxygen at the time of exposure to the atmosphere. That is, the experimental results suggest that the nitride layer formed in the top region is not robust enough to keep its chemical structure after its exposure to the atmosphere, even when it is synthesized at a low temperature (note that the sample temperature returns to room temperature when it is exposed to the atmosphere). On the basis of the aforementioned mechanism that determines the profile of the nitrogen concentration, state, which is supplied to the sample when Z = 7 cm, needs a higher thermal energy than atomic nitrogen to form the nitride layer on the SiC surface. That is, it is speculated that the activation energy of the nitriding reaction is higher for N 2 (A 3 Σ + u ) than for atomic nitrogen. This is reasonable since N 2 (A 3 Σ + u ) is only an electronic excited state and it returns to molecular nitrogen with no chemical reactivity after the decay of the excited energy on the sample surface. The activation energy of the nitriding reaction driven by atomic nitrogen is expected to be lower since atomic nitrogen is a radical species, resulting in the observation result that nitrogen concentration is not affected by sample temperature when Z = 12 cm.
Conclusions
In this work, we examined the effect of sample cooling on the nitriding characteristics of SiC using a remote nitrogen plasma. The experimental results indicate that an improved nitride layer, which had higher concentrations of carbon and silicon and a lower concentration of oxygen, was formed in a region with a distance of d ≥ 0.6 nm (Z = 12 cm) and d ≥ 0.9 nm (Z = 7 cm) from the top surface. Although the characteristics of the top region were not improved, the fragile nitride layer in the top region became thinner with sample cooling.
In addition, the experimental results gave us a hint regarding in the differences in nitriding reactions supported by atomic nitrogen and molecular nitrogen in the metastable A 3 Σ + u state. 
